We used density functional calculations to investigate the electronic origins of the magnetic properties of the high-spin ferric enzyme-substrate complex protocatechuate 3,4-dioxygenase (3,4-PCD). The calculated g-tensors show that ligand-to-metal charge transfer transitions are from the protocatechuate (PCA) and Tyr408 orbitals to the Fe d orbitals, which lead to x-and y-polarized transitions. These polarized transitions require a spin-orbit coupling (SOC) matrix element in the z-direction, L z (z = z), resulting in a g z value of 2.0158, significantly deviating from 2.0023. A large zero-field splitting parameter value of +1.147 cm -1 is due to S = -1 spin-orbit mixing with the quartet states for the sextet ground state, accounting for around 73% of the SOC contribution. In recent years, significant progress has been made in understanding the geometric and electronic structures of active sites of mononuclear non-heme iron enzymes [1] [2] [3] and their contributions to molecular mechanisms. A good example, the non-heme oxygenase family [1] [2] [3] [4] [5] , performs a variety of important biological functions. These widely distributed enzymes catalyze the cleavage of O 2 , accompanied by insertion of both oxygen atoms into the aromatic ring of the substrate, resulting in ring cleavage. Intradiol dioxygenases belong to a large class of enzymes called catecholic dioxygenases [6] . The catecholic dioxygenases fall into two structurally and mechanistically distinct classes, "extradiol" and "intradiol". Protocatechuate 3,4-dioxygenase (3,4-PCD) is one of the most extensively studied intradiol dioxygenases. It catalyzes the ring cleavage of protocatechuate (PCA, 3, to form -carboxy-cis, cis-muconate, incorporating both oxygen atoms from molecular oxygen. Based on different electronic descriptions of the enzyme-substrate (ES), various mechanisms [5] have been proposed for the substrate activation step of the initial O 2 attack in these reactions. However, they are very slow because they are spinforbidden. Moreover, we know that the chemistry of transition metals and their compounds is strongly influenced by the availability of multiple low-lying electronic states in these species [7] [8] [9] . This phenomenon often occurs when the formal d-electron count on the metal is 2-8. This means that reactions involving several electronic states that may also have different spins should involve spin-conserving and spin-inversion processes. These result in a complex reaction mechanism.
In recent years, significant progress has been made in understanding the geometric and electronic structures of active sites of mononuclear non-heme iron enzymes [1] [2] [3] and their contributions to molecular mechanisms. A good example, the non-heme oxygenase family [1] [2] [3] [4] [5] , performs a variety of important biological functions. These widely distributed enzymes catalyze the cleavage of O 2 , accompanied by insertion of both oxygen atoms into the aromatic ring of the substrate, resulting in ring cleavage.
Intradiol dioxygenases belong to a large class of enzymes called catecholic dioxygenases [6] . The catecholic dioxygenases fall into two structurally and mechanistically distinct classes, "extradiol" and "intradiol". Protocatechuate 3,4-dioxygenase (3,4-PCD) is one of the most extensively studied intradiol dioxygenases. It catalyzes the ring cleavage of protocatechuate (PCA, 3,4-dihydroxyphenylacetate) to form -carboxy-cis, cis-muconate, incorporating both oxygen atoms from molecular oxygen. Based on different electronic descriptions of the enzyme-substrate (ES), various mechanisms [5] have been proposed for the substrate activation step of the initial O 2 attack in these reactions. However, they are very slow because they are spinforbidden. Moreover, we know that the chemistry of transition metals and their compounds is strongly influenced by the availability of multiple low-lying electronic states in these species [7] [8] [9] . This phenomenon often occurs when the formal d-electron count on the metal is 2-8. This means that reactions involving several electronic states that may also have different spins should involve spin-conserving and spin-inversion processes. These result in a complex reaction mechanism.
Therefore, describing the electronic structure of the ES is very important to better understanding the reaction mechanism. Our motivation is to help understand the role of electronic structures in mechanistic details at a molecular level. To our knowledge, there is no reported deep theoretical study on the electronic origins of the magnetic properties of the high-spin ferric enzyme-substrate complex of protocatechuate 3,4-dioxygenase. In this paper we compute the g-tensor and zero-field splitting (ZFS) using quasi-restricted theory using density functional theory (DFT) [10] implemented with the program ORCA [11] . Then we obtain spin-orbit coupling (SOC) matrix elements using the approximate one-electron spin-orbit Hamiltonian. These calculations determine the detailed electronic structure of 3,4-PCD-PCA. The molecular orbital analysis determines the origin of the large ZFS parameter, D.
1 Computational details
Geometrical optimization
(1) System steps. The activate-site geometric structure of 3,4-PCD-PCA was obtained from the averaged crystallographic coordinate of P. putida 3,4-PCD complex with PCA (PDB code 3PCA) [12] . Hydrogen atoms were placed at standard bond lengths and angles. DFT calculations were performed on 3,4-PCD-PCA with two Me-imidazoles to model His460 and His462, 4-Me-phenolate to model Tyr408, and a bidentate PCA in the fully deprotonated state, as shown in Figure 1 .
(2) DFT calculations. Spin-unrestricted DFT calculations were performed using Gaussian 03 [13] to geometrically optimize the active model described above. The double-zeta 6-31+G(d) basis set was used in geometric optimization with two commonly used functionals: Becke's 1988 exchange functional with the correlation function of Perdew (BP86), and Becke's three-parameter hybrid functional with the correlation function of Lee, Yang and Parr (B3LYP). Frequencies and thermodynamic parameters were calculated, and all frequencies were found to be real. The graphical output of the molecular orbitals was generated with the program Molekel [14] .
Calculations of ZFS tensor and g-tensor
A sextet state with a total spin of S = 5/2 is characterized by six magnetic sublevels with M s = 5/2, 3/2, and 1/2. While these levels are energetically degenerate within a nonrelativistic or scalar relativistic treatment, their degeneracy is lifted when we include SOC, dipolar spin-spin couplings and the Zeeman effect [15, 16] . In the absence of nuclear spins and exchange interactions, the effective spin Hamiltonian of these interactions is usually written as 
(2) Thus, the ZFS is uniquely defined by the parameters D and E and the tensor orientation. Typically, D and E/D are given in a coordinate system that fulfils the condition:
DFT calculations of the ZFS were carried out using qausi-restricted theory [10] by the ORCA program [11] . Previous studies [17, 18] have investigated the dependences of the g-tensor and ZFS on the exchange-correlation functional. In the case of organic radicals, various generalized gradient approximation (GGA) functionals provide nearly identical g-tensors and only modest but non-negligible improvement over the local density approximation (LDA) functionals. Thus, in this work, we obtain all g-tensor and zero-field parameters (D and E) in from additional single-point calculations using 6-31+G(d) basis sets and the BP86 GGA functional. We use a recently described SOC operator that efficiently implements a second-order memory function [19] .
SOC calculations
It is well known that, to second order in perturbation theory, the ZFS has two contributions: (a) the direct dipolar spin-spin interaction between electron pairs and (b) the SOC. Thus, to obtain more detailed SOC matrix elements, we calculate the SOC of different spin states (sextet and quartet) for the 3,4-PCD-PCA using the approximate one-electron spin-orbit Hamiltonian [20, 21] :
in which the neglect of the two-electron terms is compensated by introducing a semi-empirical parameter, here the effective nuclear charge * k Z . L ik and S i are the orbital and spin angular momentum operators, respectively, for electron i in the framework of the nuclei indexed k and * k Z is the effective nuclear charge.
The root-mean-squared value of the SOC constant is defined as
The SOC matrix elements in eq. (4) are evaluated by the sextet/quartet-state-averaged complete active-space selfconsistent field wave functions (CASSCF) with 5 electrons in 6 orbitals using the SOC configuration-interaction method. To qualitatively interpret nonzero SOC interaction, we also use restricted open-shell Hartree-Fock (ROHF) orbitals [22] generated at the sextet ground state to construct complete active space configuration interaction (CASCI) wave functions. All SOC calculations were performed with the GAMESS program package [23] .
Results and discussion

Geometric optimization of the 3,4-PCD-PCA complex
The sextet state geometric model of 3,4-PCD-PCA was optimized with B3LYP using 6-31+G(d) as the basis set. Figure 2 summarizes the optimization parameters. This calculation identifies the orientation of the molecular axes, in which the x-and y-axis are in the plane of the Tyr408 ring and z is out of the Tyr408 plane axis.
Direction and orbital origins of g-tensor and ZFS
(1) g-Tensor.
The electron paramagnetic resonance g-tensor is a property that can be well calculated using the ORCA program by solving the coupled-perturbed SCF equations. This provides both an absolute g-values and g-shift, g, which represents the deviation from the free electron value, g = g e I + g,
where I is a 3  3 unit matrix and g e = 2.0023, and 
here, u and v denote Cartesian tensor components,  is the fine structure constant, H SO is the spatial part of the spin-independent spin-orbit operator, and l O represents the orbital Zeeman operator.
As can be seen in Table 1 , the g-tensor is found to have one distinct (g x = 2.0128) and two similar values (g y = 2.0153 and g z = 2.0158). Deviations from the free-electron g-value (g e = 2.0023) are due to S = 0 spin-orbit coupling of the excited to the ground state. The g-shifts are dominated by the g PSO contributions. Our calculations show that the g DSO and g RMC terms contribute only about 0.0003 and -0.0007, respectively, to g ( Table 1) . As the orbital Zeeman term does not depend on electronic spin, the mixing of the "excitations" conserves the total spin of the system. We may thus distinguish three different types of contributions to the g PSO term in eq. (7) The S = 0 contributions from doubly occupied to unoccupied orbitals (namely, type iii) need not be considered, as any contributions from the mixing of an excited state involving a majority spin transition will be negated by a contribution from excited-state mixing of the corresponding minority spin orbital, which will have the same value but opposite signs.
We focus mainly on couplings of type ii. Contributions from transitions from doubly occupied to singly occupied orbitals result in a positive contribution to g uv . The g-tensor is the property that probably provides the most compact experimental image of the spin-density distribution in a molecule. It is clear that a large spin-orbit (SO) coupling constant of the metal compared to small SO coupling with only light ligand atoms should lead to larger g-tensor anisotropy (g aniso = 0.003) with increased spin density on the metal. Figure 3 shows the plot of a spin-density isosurface operator, which leads to the g z value 2.0158, significantly deviating from 2.0023 in the z-direction. At the same time, a larger g y = 2.0153 is due to transition from the doubly occupied dxy orbital to the singly occupied dyz orbital, i.e. L y coupled (x = y). We note that the molecular unique magnetic axis (z) is equivalent to the z-axis, consistent with the calculated g-matrix, while the x and y axes are interchanged: x = y and y = x. The magnetic axes are plotted in Figure 4 .
(2) D-tensor. BP86 calculations were performed to determine the signs of the D and E values for 3,4-PCD-PCA. The D-tensor was mapped onto the coordinates of the 3,4-PCD-PCA active site (see Figure 4) Table 2 gives the detailed results of the ZFS calculation using Quasi-restricted DFT. From the results in Table 2 , the ZFS contains two significant contributions: a first-order term involving the direct dipolar spin-spin (SS) interaction between pairs of electrons and a second-order term from the SOC interaction. The major contribution arises from the second-order SOC contribution (around 98% of D), while the SS contributions are essentially negligible. The SOC part contains three significant contributions. The major contribution comes from the  spin-flip excitations. This excitation contributes around 73% of the D SOC value, corresponding to the spin-pairing S = -1 (i.e. ) and D zz (6.128 cm -1 ). We note that g y -and g z -tensors are larger due to S = 0 SOC into the ground state via L y and L z . These calculations show that it is necessary to consider second-order S = ±1 spin-orbit mixing to account for this unusually large value for D. This also identifies the origin of large ZFS as spin-orbit coupling to low-lying S = -1 excited states, and shows that the unique magnetic axis (z) is equivalent to the molecular z-axis, consistent with the computed g-tensor.
(3) SOC matrix. Based on the above discussion, we find that the S = -1 spin-flip transition states make significant contributions to D. However, A spin-forbidden transition requires an SOC effect that provides a major spin-flip mechanism [20, 21] . The SOC induces a spin-multiplicity mixing that allows the wave function to break spin symmetry, and the magnitude of the spin-multiplicity mixing increases in a small energy gap between high-and low-spin states. Therefore, we must inspect the orbital relationships that promote the SOC matrix elements.
We next turn our attention to the SOC computation. Using a sextet calculation, the ROHF orbitals for constructing the quartet and sextet CASCI wave functions to be used in the SOC evaluation have been generated in 3,4-PCD-PCA. At least five active orbitals, as depicted in 
where i = 
To further understand the efficient SOC, it is very important to discuss the SOC matrix elements 2 
where η is the M S -dependent weighing factor, and  =  and/or . 
Here, only the second term is non-zero. This shift creates an angular momentum along an axis perpendicular to the plane spanned by the atomic orbitals. An illustration is given in Figure 5 , where the two molecular orbitals (MOs) are  2 and  3 , and the electron shift from  2 (d yz +d xy ) to  4 (d xz ) creates an angular momentum in the L y -direction (y = x), resulting in the ZFS of D xx = 4.601 cm 1 and the smaller SOC matrix elements in the y direction (see Table 3 ). Similarly, 
In eq. (12), the second term is zero due to the mismatch for the d yz + d xy d xz transition in the L y angular momentum direction. The first and third terms produce the angular momentum in the L x (x = y) and L z (z = z) directions, respectively, and value in the L z (z = z) direction is larger for the dominant mixed weights of d yz , leading to the larger ZFS D zz of 6.128 cm -1 . The one-electron SOC value calculated is 31.56 cm -1 in the 3,4-PCD-PCA complex. It is noteworthy that the SOC values are also related to the MO's delocalization, the direction of the orbital's rotation, and the configuration coefficient (C j ) of the quartet states [9, 26] . These analysis results are consistent with the calculated SOC (see Table 3 ) and D-tensors (see Table 2 ). Further, these also indicate that the significant contributions to D arise from the S = -1 spin-flip transition, and that the highspin ground state, 3,4-PCD-PCA, is a weak spin-crossover compound (SOC = 31.56 cm -1 ) compared with the Fe SOC constant ( Fe = 407.23 cm -1 ).
Conclusions
We have studied the electronic origins of the magnetic properties of 3,4-PCD-PCA using theoretical calculations. The geometric model of the high-spin 3,4-PCD-PCA compound have been determined and characterized at the DFT-B3LYP/6-31+G(d) level. We carried out BP86 calculations of the ZFS and g-tensors using quasi-restricted theory, which was implemented in the program ORCA. The SOC between the quartet and sextet states was calculated using the SO-CI method with the converging CASSCF wave function using the GAMESS program package. From the calculations the following conclusions emerged:
(1) The calculated g-tensors show that LMCT transitions are from the PCA and Tyr408 orbitals to the Fe d orbitals, which will lead to the x-and y-polarized transitions. These polarized transitions require an SOC matrix element in the 
